In the cities, traffic emissions are the largest contributor to the exceedances of NO2 limit values. 
Introduction
The relationship between increased morbidity and mortality and exposure to different atmospheric pollutants is becoming more and more evident. This relationship has been demonstrated in several published epidemiological studies (Pope and Dockery, 2006; Zhang et al., 2012) . Motor vehicles are the main anthropogenic contributors to air pollutant emissions in cities (Duclaux et al., 2002; European Environment Agency, 2003) . Annual limit of the NO 2 concentrations is 40 µg/m3 and the hourly limit of 200 µg/m3, can't be exceeded more than 18 times per year. These limits are exceeded in most major European cities, Madrid, London, Paris, etc. Vehicles contribute more than 40% of NOx emissions in the European Union (Heiko 2018).
Diesel cars are the main contributor to the NO2 (Carslaw et al 2016) . Improving air quality in cities is currently one of the most important concerns. The reduction of nitrogen oxide emissions has historically been one of the main objectives to try to improve air quality in European cities.
Nitrogen dioxide is a problem for many cities, such as Madrid, due to its toxicity and the key role it plays in tropospheric ozone formation in summer (Seinfeld et al., 1998) . Since road transport is the main contributor to urban air pollution, it is necessary to develop control strategies that minimize environmental impacts but maximize the efficiency of motor transport. Public administrations are testing management strategies aimed primarily at reducing road traffic emissions. These strategies are aimed at either reducing the number of vehicles circulating in cities or mitigating emissions per vehicle. These strategies are medium-or long-term, but are not suitable for emergency situations such as a single pollution episode. Some municipal authorities have developed short-term or emergency actions to try reducing emissions during high pollution episodes because the effects of the permanent actions are very slow and they don´t get to reduce the air pollution in the cities. This is the case of Madrid, where during the NOx episode analysed in this study, only odd-numbered vehicles were allowed into the city, but this type of short-term measures have not been previously evaluated to measure their effectiveness. The first example of such decisions was in Paris on 1 October 1997. At that time, only vehicles with odd numbered registration plates were allowed into the city. Residential parking was free of charge to try to persuade travelers to abandon their cars, and industrial activities decreased. Some 1.000 police officers were deployed to enforce the restrictions. Traffic levels in the center of Paris decreased by 17%, in the ring road by 6%, and around Paris by 14% and concentrations of NO2 were below 300 ug/m3, having exceeded 400 µg/m 3 the previous days. But, was the reduction due to measures taken or did other factors such as the weather influence? These responses can only be addressed through advanced air quality simulation and modelling systems. Tools are needed to model in detail the spatial and temporal changes of a city's emissions and concentrations when traffic limitation measures are to be applied during a pollution episode to know before applying whether or not it will be an effective measure. The effectiveness of a measure depends on many factors that must be taken into account by the modelling system, such as: the size of the traffic limitation area, the type of vehicles selected for the limitation, the general age and composition of the vehicle fleets, the number and type of vehicles exempted, the level of application and availability, weather conditions, affected days of the week, etc.
One of the ways to assess air quality impacts in complex environments such as cities and the effectiveness of emission reduction strategies is to use an air quality modelling system that includes several models: traffic model, emission model and dispersion-chemical model at different scales. The modelling of vehicle air pollution is essential to find optimal strategies for reducing traffic emissions. Pollutant concentrations depend primarily on traffic and weather conditions. Traffic models can predict the position and speed of vehicles and emission models can estimate the amount of pollution emitted by vehicles. The dispersion of pollutants in the atmosphere can be modelled using atmospheric dispersion models that require meteorological information from meteorological models. The accuracy of the results will depend to a large extent on the reliability of traffic data (traffic volume and speed, its temporal and spatial variations, the composition of road vehicles, etc.) and the emission factors chosen for each type of vehicle. Traffic data are usually obtained by in situ observation, but generally measurements are only made on a limited number of streets or roads. The amount of data observed is often insufficient to adequately quantify traffic on a complete urban network. In order to estimate traffic throughout the city and thus calculate its emissions, an approximation is to make a spatial extrapolation with many assumptions to assign traffic volume to the points where it is not measured, but this requires making many assumptions that in most cases will not be met (Jensen et al. 2001) , generating data with great uncertainty. Another methodology that can be used is to distribute traffic emissions over grid cells of the model, resulting in an average emission rate based on roads or streets but without taking into account actual network traffic (Cohen et al. 2005 ). These indirect methods allow to model the emissions but with a big uncertainty. That is why it is necessary to use a traffic model, as we are going to present in this work, which allows us to know in great detail all traffic data in the entire city.
This research focus on to investigate impacts on urban pollution of real traffic restrictions applied in the city of Madrid during a critical NOx episode. Changes in air quality are assessed using the EMIMO-WRF/Chem modeling system. We also show how the proposed air quality modelling system can be used to reproduce pollution episodes in cities. Other measures can also be evaluated as change the car transport to bicycling and walking (Rabl and de Nazelle, 2012) .
Methodology
This section describes the modeled NOx episode in Madrid, the proposed air quality modelling tool and the experiment to evaluate the effectiveness of traffic restrictions applied in the city of Madrid during the episode.
Episode
Madrid is a city of about 3.5 million inhabitants with a population density of 5208 inhabitants/km2. The city is surrounded by 4 ring roads, the inner ring M30 is the boundary of the Central District. The road network in the city centre is very dense, with a high volume of parking restriction (scenario 2) and a partial traffic restriction depending on the license plate (scenario 3). In the episode analysed in this work, it was activated up to scenario 3 as detailed below. In December 2016, the levels of N02 in Madrid were so high that authorities restricted access to the city centre for half of the cars based on whether the license plate was even or odd. 
Experiment
The experiment was designed to achieve two objectives: the first is to show how the air quality modelling simulation system works in a NO2 episode and the second is to evaluate the effectiveness of traffic restriction actions taken to reduce NO2 concentrations during the episode. In order to achieve both objectives, we have designed two simulations, the first of which has taken into account the real traffic situation of those days that included traffic carried out following Tuccella et al. (2012) . Global annual emissions were processed using the EMIMO model and distributed temporarily using profiles from Spain. Emissions are then allocated according to grid cells according to local population and road density in the cells.
Biogenic emissions are online estimated based on the Guenther algorithm (Guenther et al., 1993 (Guenther et al., , 1994 vehicle is given explicitly, defined at least by a unique identifier, the departure time, and the vehicle's route through the network. The SUMO tool is composed by three main sub models: The first input to SUMO is the road network, which describes the roads and intersections used by vehicles during their journey. The road network can be obtained from
OpenStreetMap database. Our road network consists of more than 100,000 streets and road segments. After you have generated a network, the next step is to move the vehicles in the network. SUMO allows you to use traffic detector data to generate traffic demand. The information collected from traffic sensors can be used to construct vehicle routing and volumes. First, random traffic is generated for the road network and then detectors have been used as calibrators, which are used to adjust traffic demand to the measured data. Traffic conditions are extracted from the more than 3,000 detectors located on Madrid's streets and highways and 2/3 of them have been used to calibrate traffic simulations, as explained below.
Hundreds of traffic simulations have been carried out for each day, with different route configurations and the best simulation (more close to the measured data) of each day has been chosen. More than 3,000 traffic counters were available for calibration of the SUMO model, of which 2/3 were used for calibration and 1/3 for evaluation. A summary of the EMIMO with its traffic emissions sub-module can be found in Figure 3 . 
Simulation domains
Three domains have been defined. They are connected by a one way nesting approach. 
Evaluation
Before showing the impact of traffic restrictions on air quality in the city of Madrid, it is necessary to analyse the performance of the simulation tool in order to have confidence about the impact results. First we show the evaluation of traffic simulation, then the evaluation of air quality simulation.
Traffic simulation evaluation
The 
Results
In this section the most outstanding results about the impacts and effectiveness of the measures taken are showed. First we summary the traffic and emission results from the traffic and emission model and them we focus on the air quality. 
Traffic and emissions results

Air quality results
In the previous sections, the air quality modelling system was described and evaluated.
This section presents some results on impacts and will comment on the efficacy of traffic restrictions to reduce air pollution in Madrid on the days of the episode. Figure 7 shows the spatial distributions of average daily NO2 concentrations for REAL simulation (without traffic restrictions) for days 28 and 29 (the two most important days of the episode) with 1 km of spatial resolution. Representative wind vectors of those days are also shown. In Figure 7 , we can see that the concentration are higher in the day 29 that in the day 28. In the day 29, the maximum concentrations cover all the city center area, while the day 28 the most affected areas are those are located on the South and West part of de Madrid, according with the predominant wind direction. Figure 8 shows the spatial distributions of NO2 daily average differences for REAL and BAU traffic conditions. restrictions have more impacts on NO2 concentrations than parking limitations. The North of the city is the part where the traffic has less impact (green areas) on the air quality, so the lowest difference occurs in the North and small area in the East of the city for both days. Figure 9 shows the spatial distributions of NO2 daily maximum differences for REAL and BAU traffic conditions for the day 29. In Figure 9 we can see that the traffic access restriction of the day 29 can reduce the daily maximum concentrations of NO2 up to 14 µg/m 3 in the west-south part of the city. It is not enough to avoid the exceedances of the NO2 directive. If we focus on the location where the highest NO2 concentrations were reached (E. Aguirre station), the traffic restrictions had soft effects, on day 28 -1.62 % , on day 29 -2.04% and on day 30 -0.36%. Both simulations (REAL and BAU) are quite similar, so the traffic restrictions
were not effective to avoid the NO2 episode and new decisions must be research. 
Conclusions
An air quality modelling system has been implemented, evaluated and applied for a December and 0.5% on 30 December. These results show that the measures taken were not sufficiently effective compared to the effort to reduce traffic. Other studies over different cities have shown that meteorological conditions are the main reasons for air pollutant episodes and that the emission control measures are not effective to mitigate the air pollution (Liu et al., 2017) . Other measures should be evaluated with less impact on citizens and with a greater capacity to reduce air pollution (transformation of diesel fuel into electric vehicles, prohibition of driving vehicles over 15 years old, reduction of traffic speed, etc.). Some of these actions have been evaluated with a different modelling tool over other Spain regions (Arasa et al., 2014) .
